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Nuclear electric propulsion

» Flight times are long

— Need power systems with >15 years life
e Mass is at an absolute premium

— Power systems with high specific power 2 } ' g
scalability desired '

_ "High efficiency
radioisotope
-l pOWEr SOUICes

Reactor power sources
(10-100 kW)

« 3 orders of magnitude reduction in solar
irradiance from Earth to Pluto

..... * Nuclear power sources preferable
2200 W/m? "
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JRL

Advanced Radioisotope Power ESyS'rems (APRS)
for NASA missions

« Overall objective

Develop low mass, high efficiency, low-cost Advanced
Radioisotope Power System with double the\Specific Power anc
Efficiency over state-of-the-art radioisotope thermoelectric

generators RTGs)



TASK Overview - <L

Technology Description

I Heat Source

* Direct thermoelectric energy conversion

deVice Leg hotshoe
. 1275K‘T interface (A, B)
 Employs segmented unicouples and | P, nype high
advanced TE materials to achieve higher | matrisls under
efficiency 975K P

Program Obijectives

Segment
joints

* Develop Segmented Thermoelectric (STE)

Converter technology with a projected 525K 475K
975K-375K efficiency of 12.5% o] |
* Transfer technology to industry/DOE for ;*;;‘f‘”
integration into a radioisotope power :
system that can provide a specific power: . - Heat Sink

of~7-8 W /kg and ~10% efficiency

* Develop high efficiency 1275K-975K TE
materials and unicouples with a goal of 15-
17% converter efficiency

lllustration of advanced
segmented unicouple
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R Segmented Thermoelectric Technology (STE) SR

. . 20 “‘vaeFQSbu
* New high ZT materials ZT “1 LS
~ Development initiated in 1991 and supported by ** [ eeustars
ONR and DARPA 10t
— Higher efficiency values  os '
- Segmented unicouples s

— Large AT, high ZT -> high efficiency

04t
— Using a combination of state-of-the-art TE
materials (Bi,Te;-based materials) and new,

02T
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+ Skutterudites : CeFe,Sb,, and CoSb, __ Temperature (K)

*+ Zn,Sb, Heat Source

— Current materials operation limited to ~ 975K

_ . _$ ----- Leg hot-shoe
Higher average ZT values 975K interface (A, B)

= Higher material conversion efficiency
=> Up to 15 % for a 300-975K temperature

gradient
Segment
T 'T 1“ Z I - 525K jaiﬁts
Efficiency T| = I_,-}‘ ¢ i r[lw ‘ 375K
H v |+2; I +-—C- Solder
TH joint '

Heat Sink 5




Converter efficiency : state-of-the-art vs.
segmented thermoelectric Technology
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STE technology has the potential for achieving twice the
converter efficiency of SOA thermoelectrlcs 6




segmented thermoelectric technology
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120 F S\ _ 975K-300K Skutterudites/Bi,Te,
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General Purpose Heat Source RTG

General Purpose Heat Source (GPHS)

Radioisotope Thermoclectric Generator (RTG)

ALUMINUM OUTER
SHELL ASSEMBLY

8§ POWER QUTPUT - 285 W)

W EUEL LOADING - 4300 Wit 132,500 ¢
B WEIGHT - 12d s

B SIZE-188in w44 Bin

The thiee Rudivisotope Thermoelectric Generatoss (RTGs) provide electrical power for
Cassint's instruments and computers, They are being provided by rhe 1.8, Department
of Bncrgy.

GPHS SiGe unicouple

Fueing
w0

F

Graptide bipau!
ﬁ'mim’

General #wpase Heat Source Module

GPHS-RTG Performance Data

Power output-We

Operational life - hrs
Weight-kg
Output voltage

Dimensions

Hot junction temperature-K
Cold junction temperature-K
Fuel

Thermoelectric material
Numbers of unicouples

Mass of Pu-238-g

290 beginning of life
250 end of life

40,000 after launch
55.5
28

42.2 diameter
114 long

1270
566
PuO,
SiGe
572
7,561



STE-ARPS

*STE-ARPS

*Would use advanced materials segmented Iegs
*700 to 100°C operation

» Current GPHS-RTG unicouple design would be
mostly conserved | | Heat Source

* Modifications required to radiator fins to
accommodate for lower rejection temperature

* Shorter housing

>»New segmented unicouples could “replace”
unicouples almost “one for one”

Advantages of thermoelectrics

525K — 475R BiosSb,, joinis
l.Te, oS¢ 45

L.eg hot-shoe

975K
interface {A, B}

* Flight proven, long life demonstrated

» Solid state energy conversion -> rellablllty, no Lot
vibration, no moving parts Ll Solder

 Scalable
* No single point failure
- Significant system heritage

375K

Heat Sink




(We/kg)

{tem/Converter SiGe-RTG PbTe/TAGS Low T STE High Temperature TE
MMRTG (LSTE) (HSTE)

Hot side temperature (K) 1273 823 975 1200
Cold side temperature 573 453 375 375
(K) .
Converter efficiency (%) 1.2 76 12.5 14.7
System efficiency {(%)* 6.5 64 11.18 133
Thermal power (BOM)Y(W,,) 2000 2000 1250 1000
Thermal efficiency (%) 85 85 85
Electrical power (BOM) 107 110 118.8 113.0
(We)
Number of modules 8 8 5 4
Total PuO; mass (kg) 5.02 5.02 3.138 2.51
Total system mass 23.24 38.1 16.3 131
estimate (kg)

- GPHs mass (kg) 11.54 12.83 7.215 577

- Housing (Kg) 31 42 1.90 1.55

- Radiator fins (kg) 0.45 3.32 1.7 1.36

- Converter (kg) 5.65 10 3.9 3.12

- Other structure (kg) 25 55 1.6 1.28
Specific power estimate 4.6 2.88 7.28 8.64

Unicouples

4
975K

S2K™

SIHK™

J

l Heat Source _

l Heat Source]
[T

* 9% of converter efficiency

Projected STE 100W class ARPS specifications vs. SOA A
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Stirling (SRPS)
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1275K"

975K

525K™]

375K

Solder
joint

Technology challenges

Leg hot-shoe
interface (A, B)
p-, n-type high
temperature
materials under
development

Segment
joints

Heat Sink

Task 1 : 975K-375K Unlcouple Development

Key technology challenges

TE materials processing and segmented leg fabrication
Low electrical contact resistance between segments and
between segments and cold- and hot-shoes
Unicouple mechanical integrity
Lifetime prediction model

* Sublimation control

- Stable thermoelectric properties
Demonstrate unicouple performance

*Testing and modeling

Task Il :

1275K-975K High Temperature

Materials Development

Key challenges

Develop high ZT TE materlals in 1275K-975K
temperature range-

Demonstrate temperature stability for new materials
Develop 1275K-975K segmented Iegs fabrication
process




Segmented legs fabrication and
characterization



Unicouples legs SRl

» Uniaxial hot-pressing of powdered
materials stacked on the top of each
other

— Temperature optimized — density close to

theoretical value
— In graphite dies and argon atmosphere

— With metallic diffusion barriers between
the TE materials

— Metallic contacts at hot- and cold-side

— Low electrical resistance bonds
(<5uQ2cm?) achieved =» negligible impact

on overall unicouple performance

14
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1-D Analytical Model of Segmented Thermoelectric Unicouples

~ One-dimensional analytical model of STEs, with
up to 5 segments per leg, is coupled to a genetic
algorithm for maximizing either the electrical
power of efficiency

— Inpu

t:

TE materials properties

Total length and composition of n- and p-legs
Cross sectional area of the p-leg (or the n-leg)
Hot and cold shoe temperatures

Total contact resistance per leg

Output

Number of needed segments in n- and p-legs
Interface temperatures between various segments
Lengths of various segments in n- and p-legs
Cross sectional area of n-leg (or p-leg)

Electrical power and conversion efficiency curves
Operation I-V characteristics

Heat Source

T
r -

T

k
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Efficiency Estimate in Test (%)

Thermal and electrical testing - Segmented unicouple

15 - - : , .
SEPT-03, Skutterudites Segmented Unicouple
Performance Test at UNMHSNPS
T,=9731+39K
T,=3017+71K

14 <L Theak = 13.8% | ‘

Mook = 13.5%

< . A A
AP A
13 A A A
A
A A
A
A
12 A
A A

A A 1st Sweep, 9:0 AM September 29,2003 A

1l rmm,n=256uQ-cm2, rm'w=364u£2-cm2 A
A 2nd Sweep, 6 PM September 29, 2003
A Foont, n = 253 pQ—cmZ, oont,p = 220 pQ—cm2 A
10— : : : : . SR AN
6 8 10 12 14 16 18
ela-two-sweeps.
P Load Current (A)

Achieved 13.8% efficiency for 975K-300K AT

— For fully segmented unicouple
Fully validate projected performance

975K™

525K™

Heat Source

300K

Lo
FC

Heat Sink

16



Efficiency demonstration time chart
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Lifetime & Sublimation studies



Sublimation control experiments

« Uncoated samples

» Weight loss and temperature stability showed Sb
sublimation in dynamic vacuum for T from ~ 875
to 975K for N-and p-type skutterudites

* Decomposition into lower antimonide
compounds

* Appears to be diffusion limited

Photograph showing the decomposition of a
CoSb; sample annealed at 875K for 3 months

Sb sublimation control studies

« Use of cover gas significantly suppresses Sb sublimation

« ~10 um metallic film applied during hot-pressing

e Performed in gra dlent T| ’f

G

Thermal/mechanical modeiﬂi‘ng:perfﬂor'med to evaluate impact

on unicouple performance -

N-type Ti coated skutterudite leg

19



Coated n-type tested in-gradient for 20 days
975K >

Coating stops

« No apparent degradation after 20 days
*Metal junction still intact

-Sig'niyfic’:arit'impro‘vement over uncoated

20



Weight loss experiments results

mass loss vs. time @700C

30
n
25 - .
% 20 . B
2 ® p-type coated: ;
@ 15 . ® n-type uncoste
E ‘| & n-type coated-
2 10 | S
| |
5 E
L J
0 ° A ° | [ ] | | | X
0 50 100 150 200 250 300
time (hours)
mass loss rate vs. time @700C
0.004
F .
0.0035
__ 0.003 A
< a — -
& 0.0025 - ® p-type coatéd
5’3 0.002 | m n-type coated
£ 0.0015 4 n-type uncoated
©
= 0.001 - A
d A
0.0005 - . .
0 ] ‘ ® T P n
0 100 200 300

time (hours)

-type Ti coated

-7 o« skutterudite leg

* Ti coating results in a

|| ‘significant mass loss

reduction over uncoated

21



975K -375K Segmented TE Unicouple JEL
performance modeling (| UNM )
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Thermoelectric figure of merit, ZT

Achieving 20% Converter efficiency

4.0 ‘ ‘ . ‘
3.5 C """" """""" S """"" Cold side temperature fixed at 300K
30F - \\\ ,,,,,,, e
[ : 20% j
L converter efficiency !
25 F 0 o\ AR *****************************************
20F N e ‘
L .. Improved skutterudites/Bi,Te,
[ : AN s segmented unicouples goal
1.5 e ~ ' B i e
- 15% :
[ converter efficiency ‘
L ' ‘ S~ !
1.0 - T SRR PR
o5 F- b S A e S 975K-300K = ..
[ . Bi,Te, | . PbTealloys Skutterudites/Bi,Te;
alloys | : ' . .. segmented unicouples
0.0 [ Al o 1 2 2 1 3 ‘I I T T | L Aol 2 2 i Lol l’ l\‘,.l L |‘#'|"f ji: 2 i%”:l&%l.r;: ?|‘ oI Y i ' I |

500 600 700 800 900 1000 1100 1200 1300
Hot side converter temperature (K)

1400
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High-Temperature Materials



Accomplishments - High Temperature Materials | - R

+ Phosphide and arsenide skutterudites; efforts were focused on five areas
CeFe,As,, synthesis

Synthesis of CoP, - NiP, solid solutions with 50% Ni

Bulk CoP, synthesis

Doped CoP,

Doping CoAs, - CoP, solid solutions

VvV VY VYV

‘;7

Developed synthesis process, fabricated
samples and measured key thermoelectric
properties

» Skutterudite antimonides

— Demonstrated phase stability
s up to 1275K for IrSb, and CeRu,Sb,,

* up to 1175K for Ir rich Ir, ,Co,Sb; solid solutions

-~ Synthesized several heavily

Pd/Pt doped samples with adjusted doping level: ;2
based on microprobe measurements but ZT values Skutterudite crystal structure
remained relatively low

26



Phosphide and arsenide skutterudite materials -Synthesis

Successfully developed synthesis process for CoP; and CeFe,As,, sample runs
were completed

Steel ampoule developed for
high pressure CoP, synthesis

W

Vapor transfer synthesis ampoule
developed for As rich growth of CeFe As,,

N

.
e

27



High Temperature Materials = JRL

* P-type CeFeAs,,
— Filled skutterudite composition synthesized in a two-zone

furnace
Achieved ZT ~0.7 at 975K ; comparable to SiGe

0.80

w p-SiGe
0.70 | » p-CeFed4As12

0.60 |

0.50 .

. ‘ ' Skutterudite crystal structure
0.40 . .

ZT

0.30 | . .

0.20 | . .

0.10 .

0.00 - - — ~ : ‘
300 400 500 600 700 800 900 1000
Temperature (K)




High Temperature Materials

*  Chevrel chalcogenides (Mo,Sez-based)

—  Synthesized several additional Cu and Fe filled Mo,Se; compositions
using a powder metallurgy technique

- Measured Seebeck coefficient, electrical resistivity, and thermal conductivity from 300K to 1275K
- Achieved ZT ~0.6 a 1275K for Cu,Mo;Se; composition, comparable to SiGe
—  Tested Cu,Mo.Se, sample under electrical load (potential Cu electromigration)

*  Sample shows no indication of electromigration after 6 days at 900°C under 5A load current

1.2

114 p-Ce0.9Fe3.5C00.55b12

104 p-Bi2Te3

0.9+
08 +
071

SiGe alloys

051

044

03+ 0DA442 CudMo6Se8

0.2+

CuMogSe, sample tested for 6
0-0200. . 200 . iOO ‘ L:SD:) . :6:; ) :7.00. ~ 800 .41_;00 :41;; : l1100‘ - 1200: ‘130'0 N 140days at 900C under 5A Ioad

Temperature (K) . Tl L
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